Brefeldin A-inhibited guanine nucleotide-exchange protein (BIG)2 activates ADP-ribosylation factors, ∼20-kDa GTPase proteins critical for continuity of intracellular vesicular trafficking by accelerating the replacement of ADP-ribosylation factor-bound GDP with GTP. Mechanisms of additional BIG2 function(s) are less clear. Here, the participation of BIG2 in integrin β1 cycling through actin dynamics during cell migration was identified using small interfering RNA (siRNA) and difference gel electrophoresis analyses. After a 72-h incubation with BIG2 siRNA, levels of cytosolic Arp2, Arp3, cofilin-1, phosphocofilin, vinculin, and Grb2, known to be involved in the effects of integrin β1-extracellular matrix interactions on actin function and cell translocation, were increased. Treatment of HeLa cells with BIG2 siRNA resulted in perinuclear accumulation of integrin β1 and its delayed return to the cell surface. Motility of BIG2-depleted cells was simultaneously decreased, as were actinbased membrane protrusions and accumulations of Arp2, Arp3, cofilin, and phosphocofilin at the leading edges of migrating cells, in wound-healing assays. Taken together, these data reveal a mechanism(s) through which BIG2 may coordinate actin cytoskeleton mechanics and membrane traffic in cell migration via integrin β1 action and actin functions.
Brefeldin A-inhibited guanine nucleotide-exchange protein (BIG)2 activates ADP-ribosylation factors, ∼20-kDa GTPase proteins critical for continuity of intracellular vesicular trafficking by accelerating the replacement of ADP-ribosylation factor-bound GDP with GTP. Mechanisms of additional BIG2 function(s) are less clear. Here, the participation of BIG2 in integrin β1 cycling through actin dynamics during cell migration was identified using small interfering RNA (siRNA) and difference gel electrophoresis analyses. After a 72-h incubation with BIG2 siRNA, levels of cytosolic Arp2, Arp3, cofilin-1, phosphocofilin, vinculin, and Grb2, known to be involved in the effects of integrin β1-extracellular matrix interactions on actin function and cell translocation, were increased. Treatment of HeLa cells with BIG2 siRNA resulted in perinuclear accumulation of integrin β1 and its delayed return to the cell surface. Motility of BIG2-depleted cells was simultaneously decreased, as were actinbased membrane protrusions and accumulations of Arp2, Arp3, cofilin, and phosphocofilin at the leading edges of migrating cells, in wound-healing assays. Taken together, these data reveal a mechanism(s) through which BIG2 may coordinate actin cytoskeleton mechanics and membrane traffic in cell migration via integrin β1 action and actin functions. B IG2, a brefeldin A (BFA)-inhibited guanine nucleotideexchange protein (GEF), via its ∼200-amino-acid Sec7 domain, accelerates replacement of ADP-ribosylation factor (Arf)-bound GDP with GTP to generate active Arf-GTP, which associates with membranes to recruit coat proteins and adaptors from cytosol, initiating vesicle formation for transport of cargo between Golgi and plasma membrane (PM) (1) (2) (3) (4) . In cultured cells, BIG2 was present mainly at the trans-Golgi network, where it activates Arf for recruitment of adaptor proteins, such as AP-1 and GGA (1, 3, 5) . BIG2 was not required for association of the COPI complex with cis-Golgi membranes (1, 5) , but was present in cytoplasmic vesicles identified as recycling endosomes (REs) that were positive for Rab4, Rab11, AP-1, and transferrin receptor (4, 6, 7) . Nakayama and colleagues reported that expression of catalytically inactive BIG2 unable to activate Arf, or specific depletion of BIG2 by small interfering RNA (siRNA) treatment of HeLa cells, resulted in altered localization of proteins associated with REs and appearance of tubular membrane extensions from REs positive for transferrin receptor, AP-1, and Rab11 (1, 4, 5, 7) . The presence of BIG2 in REs is consistent with a role in regulating cargo and/or membrane traffic through this compartment, and BIG2 influenced transferrin receptor recycling from REs to the PM of COS7 cells (6) .
GEF activity of BIG2 was significantly decreased after its phosphorylation by protein kinase A (PKA) and was restored by incubation with protein phosphatase 1 (PP1) γ (8), consistent with the presence of canonic A-kinase anchoring protein sequences in BIG2 (9) and the effects of BIG2 phosphorylation on Arf activation with regulatory roles for cAMP, PKA, and PP1γ in vesicular trafficking (8) . BIG2 was also involved in the constitutive release of type I tumor necrosis factor receptor (TNFR1) associated with exosome-like vesicles from human umbilical vein endothelial cells via the activation of class I Arfs 1 and 3 (10) . Both constitutive and cAMP-induced TNFR1 exosome-like vesicle release were regulated in a PKA-dependent fashion by a mechanism(s) that involved the association of PKA RIIβ with BIG2 (11) . The N-terminal region of BIG2 interacted with Exo70, a component of the exocyst complex required for exocytosis (12) . BIG2 also interacted with β-subunits of the γ-aminobutyric acid type-A receptor [GABA(A)R] that might function in exocytosis and trafficking of newly assembled GABA(A)R to the cell surface (13) . Although dependence of all these BIG2 effects on its activation of Arf is not yet established, several of them do involve translocation of additional proteins among membrane compartments or multimolecular complexes. It seems not unlikely that early embryonic death of mice with disruption of the gene encoding BIG2 (14) resulted from lack of some developmentally critical intracellular transport or delivery. The only reported effects of human ARF-GEF2 mutations, perhaps with similar causes, were apparently confined to the brain and diagnosed as autosomal recessive periventricular heterotopia with microcephaly (15) .
We report here results of an initial proteomic comparison of cytosol fractions from BIG2-depleted and intact control cells, using 2D difference gel electrophoresis and mass spectrometry with bioinformatic pathways analysis to identify proteins in cytosol that were changed in amounts after BIG2 depletion. Levels of cytosolic vinculin, Arp2, Arp3, Grb2, cofilin, and phosphocofilin-1 were significantly higher than those in controls. Follow-up studies established the importance of BIG2 action in the regulation of actin dynamics and integrin β1 function required for cell mobility, adhesion, and performance in wound-healing assays. To quantify differences in cytosolic levels of specific proteins in control cells and those transfected with BIG2 siRNA, proteins were separated by 2D fluorescent difference gel electrophoresis (DIGE). We used single BIG1 (control for BIG2) and BIG2 siRNAs with demonstrated specificity and efficacy (6) . Levels of BIG1 and BIG2 mRNA were selectively and significantly decreased after a 24-h incubation of cells with the cognate siRNA (Fig. S1A) . Amounts of endogenous BIG1 and BIG2 proteins were > 80% lower 72 h after addition of siRNAs than those in control cells treated with vehicle alone or irrelevant siRNA, which had no effects (Fig. S1B) .
After a 72-h treatment, cytosolic proteins from cells transfected with vehicle alone and BIG2 siRNA were labeled, respectively, with Cy2-fluor (green) or Cy5-fluor (red), mixed, and subjected to 2D DIGE (example in Fig. S2 ). Analysis revealed 84 spots (Fig. S2, yellow) representing 78 proteins identified by matrix-assisted laser desorption ionization (MALDI) tandem time-of-flight (TOF) mass spectrometry ( Table S1 ) that differed in amounts in vehicle-and siRNA-treated cells by at least 50%. Of the 74 that were increased, 67% were functionally classified as binding proteins (Fig. S2 ), but we were most interested in the data that implicated BIG2 in functions involving actin regulation and cell adhesion and migration.
Effects of BIG2 Depletion on Proteins Involved in Cell Adhesion and
Migration. MetaCore (GeneGo Inc.), an integrated systems tool for analysis of high-throughput MS and genomic data, identified biological networks involving HepG2 cytosolic proteins that were significantly increased in amounts after BIG2 depletion (Fig. S3) . Three of the 10 relevant pathway maps involved cell signaling and adhesion (Table S2) , including (i) fibronectin-binding integrins in cell motility, (ii) integrin-mediated cell adhesion, and (iii) tetraspanin components of integrin-mediated cell adhesion. Five proteins identified in the analysis-vinculin, Arp2, Arp3, Grb2, cofilin 1, and phosphocofilin-1-all function in these pathways that include extracellular matrix (ECM)-liganded integrin β1, focal adhesion kinase (FAK) activation, and actin stress fiber dynamics (Table S3) . Accumulation of these proteins in cytosol of the BIG2-depleted HeLa cells was confirmed by immunoblotting and densitometric quantification (Fig. S1C ).
BIG2 Depletion Inhibited Integrin β1
Recycling. To assess functional significance of BIG2 in integrin β1-mediated signaling, we first quantified effects of BIG2 depletion on amounts of mature 130-kDa β1 (Fig. 1A) by immunoblotting, finding levels ∼20% higher after BIG2 depletion than in HeLa cells treated with vehicle alone (mock) or with control siRNA. Levels of cellsurface integrin β1 were quantified by immunofluorescence microscopy of bound β1 antibodies (Fig. 1B ) and confirmed as 40-50% less antibody-bound β1 after BIG2 depletion (Fig. 1C) . Microscopically ( Fig. 1D ), integrin β1 in control HeLa cells was in a juxta-nuclear concentration, colocalized extensively with endogenous BIG2, and near the PM. After BIG2 depletion, however, integrin β1 was more widely dispersed in the perinuclear area and was not clearly evident peripherally. To determine whether this effect of BIG2 depletion on distribution of integrin β1 reflected interference with its recycling, we examined the effect of BIG2 depletion on return of internalized integrin β1 to the cell surface (16) . Serum-starved cells, after binding antibodies against β1 at 4°C, were washed before a 2-h incubation at 37°C for internalization and intracellular distribution of β1 and antibodies. Cells, stripped of surface-bound antibody, were then incubated with 50 nM EGF for the indicated times, when antibodies and β1 that had recycled to the cell surface were removed before quantification of the remaining cell-associated antibodies ( Fig. 2A) . After 60 min, all cells contained 80-90% of the zero-time β1. At 25 min, however, the β1 content in cells depleted of BIG2 was significantly higher than that in cells treated with control siRNA or vehicle alone (Fig. 2A); i.e., significantly less antibody attached to β1 had been returned to and cleared from the cell surface. Inhibition of β1 recycling in BIG2-depleted cells was partially reversed by overexpression of GFP-BIG2 (Fig. 2B) , consistent with the conclusion that return of internalized β1 to the cell surface was dependent on BIG2 function.
BIG2 Depletion Interfered with Directed Cell Migration. As integrin recycling is critical in cell migration (17), we used woundhealing and transwell migration assays to assess effects of BIG2 depletion and inhibition of β1 recycling. Wound area covered by migrating cells, 18 h after wounding, was much less after depletion of BIG2 than after treatment with nontargeted , samples (15 μg) of cell proteins were separated in 4-12% NuPAGE Bis-Tris gels, followed by Western blotting with antibodies against β1, BIG2, and α-tubulin. Amounts of 130-kDa β1 quantified by densitometry and expressed relative to that in mock cells (= 1.0) are reported as means ± SE, *P ≤ 0.05 vs. NT (nonspecific) siRNA, n = 5. (B) Cells incubated for 72 h with siRNA, nonspecific (NT) or specific BIG2 siRNA, before washing and incubation (30 min, 4°C) with antibody against β1, were fixed and prepared for immunofluorescence imaging with quantification of cell-surface integrin β1. Data are means ± SE of values from three experiments. *P < 0.05 vs. NT siRNA. (C ) Cells grown on collagen-I were incubated for 72 h with vehicle alone (mock) or siRNA as in A and then (1 h, 4°C) in DMEM containing integrin β1 (TS2/16) antibody (10 μg/mL) to bind cell-surface integrin β1. After washing with PBS, cells were lysed, followed by collection of antibody-bound β1 on protein G-coated beads. Immunoprecipitated integrin β1, after Western blotting, was quantified by densitometry. Data are means ± SE of values from four experiments. *P < 0.05 vs. NT siRNA. (D) Cells grown and treated for 72 h as in A (lanes 1-3) were washed, fixed, and reacted with antibodies against integrin β1 and BIG2 plus DAPI (nuclei). (Scale bar, 16 μm.) siRNA or vehicle (Fig. 2C) , as recently reported (18) . In assays of cells migrating through collagen I-coated transwell membranes toward a solution of 50 nM EGF, amounts of those treated with BIG2 siRNA that crossed the membranes were <60% that of cells treated with vehicle alone or control siRNA (Fig. 2D) , with no significant difference in the absence of chemo-attractant. All data support the conclusion that BIG2 was required for efficient cell migration in both chemotaxis and wound-healing assays.
BIG2 Depletion Disrupted Actin Cytoskeleton in Wound-Healing
Experiments. Cell migration involves membrane protrusion at the leading edge and retraction at the rear, with associated assembly and disassembly of adhesions to ECM. The actin cytoskeleton is required for membrane protrusion with dynamic assembly, maturation, and turnover of cell adhesions (19, 20) . To learn whether impaired migration associated with BIG2 depletion reflected altered membrane protrusion and actin cytoskeleton morphology at the leading edge, we looked at F-actin. Differences between control and BIG2-depleted cells were most striking in the structure and density of F-actin (Fig. S4) . Leading edges of control cells were well defined and densely populated with actin-rich membrane ruffles. In BIG2-depleted cells, however, actin-phalloidin staining along the leading edge was irregular, with actin-rich ruffles less dense than in control cells (Fig. S4) , as reported earlier (18) .
BIG2 Depletion Impaired Accumulation of Arp2, Arp3, Cofilin, and Phosphocofilin, But Not Vinculin, at the Front of Wound-Edge Cells.
Significant differences in amounts of Arp2, Arp3, Grb2, cofilin-1, phosphocofilin, and vinculin in cytosol from BIG2-depleted cells and from cells treated (72 h) with nontargeted siRNA or vehicle alone (Fig. S1 ) were accompanied by differences in the intracellular distribution of Arp2, Arp3, cofilin-1, and phosphocofilin in wound-edge cells 5 h after injury. On confocal immunofluorescence microscopy ( Fig. 3) , Arp2, Arp3, cofilin-1, and phosphocofilin-1(Ser3) concentrated at the leading-edge membranes of control cells migrating into the wound. After BIG2 depletion, however, no clear evidence of Arp2, Arp3, cofilin-1, or phosphocofilin-1 concentration in wound-edge cells was seen (Fig. 3) . The absence of change in vinculin distribution (Fig. S5 ) was, however, striking. The vinculin data are consistent with its addition to functional complexes in these migrating cells at a later stage in the wound-healing process or via structurally different, more transient kinds of molecular interactions.
Discussion
Appropriate function of ADP-ribosylation factors depends on precise temporal and spatial control of GTP binding and hydrolysis. Conformational differences that accompany binding of GDP or GTP can account for changes in affinities of each GTPase for specific proteins, lipids, and membranes. Active Arf-GTP associates with membranes to participate in the assembly and function of multimolecular complexes that receive, integrate, regulate, transduce, and transmit diverse signals. Many components of these molecular machines move to and from membranes with activity changes and/or posttranslational modifications (21, 22) . We found that amounts of Arp2, Arp3, cofilin-1, phosphocofilin, vinculin, and Grb2 proteins in cytosol increased significantly 72 h after initiation of BIG2 depletion. Accumulation of Arp2, Arp3, cofilin-1, and phospho-cofilin near leading-edge membranes in BIG2-depleted wound-edge cells 5 h after wounding was impaired, consistent with requirements for BIG2 action in retention at and/or recruitment to their sites of action. We also demonstrated that BIG2 action in cell motility and adhesion involved regulation of integrin β1 and actin function. Integrins are heterodimeric adhesion proteins involved in interactions between the cell interior and ECM (23) . In addition to mediating ECM attachments, integrins act as bidirectional transducers that convey signals from outside to inside the cell, or by recruiting intracellular molecules (e.g., focal adhesion kinase), to generate and transmit signals to the external environment (23) .
Cell migration is a complex activity requiring coordination of membrane protrusion at the leading edge and retraction at the rear, along with assembly and dissolution, respectively, of adhesions to ECM (24) . Simultaneously, RE membrane added to PM at the leading edge enables lamellipodium expansion, with delivery of RE cargo to the cell surface. Lack of the additional membrane for lamellipodium extension and of delivery of RE cargo diminished the capacity of macrophages to move effectively (25) . Uninterrupted cycling of integrins from the rear with timely delivery to PM at the leading edge is critical in a migrating cell (26) . Levels of cell-surface integrins are determined by the balance between endocytosis and recycling. Here, we showed that BIG2 depletion decreased the level of cell-surface integrin β1, cell migration, and expansion of lamellipodia at leading surfaces of wound-edge cells, consistent with a model of BIG2 action in cell movement dependent on integrin β1 recycling. Impairment of β1 return to the PM could result in less activated β1 at leading-edge membranes. Diminished levels of cell-surface β1 or integrin β1 activity at the cell surface (inside-out signal) were also reported to affect HeLa cell adhesion to fibronectin (27, 28) , although no effect of BIG2 depletion on HepG2 cell adhesion to collagen I-coated surface was described (29) . It remains to be determined whether seemingly similar effects on integrin β1 cycling with different effects on cell adhesion reflect differences in cell type, study conditions, or the cues guiding cell attachment. Identity of specific α as well as β-integrins in the dimer is obviously also critical.
Direct physical interactions of integrins with actin must be important in coupled regulation and coordination of cell functions throughout life, as actin cytoskeletons link mechanosensory functions in and among all cells (19) . In lamellipodia, the small GTPases Cdc42 and Rac activate adaptor and/or signaling proteins of the Wiskott-Aldrich syndrome protein (WASP) and the WASP-family verprolin-homologous protein (WAVE) families that then activate the Arp2/3 complex, which nucleates actinfilament branches, resulting in a dendritic actin network (19, 30) . The focal adhesion kinase FERM domain forms a phosphorylation-regulated complex with Arp2/3, and interaction of that domain with Arp3 enhances Arp2/3-dependent actin polymerization, apparently a direct step from integrin activation to actin polymerization (31) . We show here that accumulation of Arp2/3 complex at the leading-edge membrane was decreased in BIG2-depleted wound-edge cells and that cytosolic Arp2/3 proteins were increased. These results relate BIG2 action to actin-based membrane protrusions and migration, but actin relationships to mechanosensory integrin β1 function remain less clear.
Transient direct interaction of vinculin and Arp2/3 was reported to recruit Arp2/3 to the cell leading edge, as required for lamellipodium extension and cell spreading (32) . Vinculin, a cytoplasmic actin-binding protein enriched in adherens junctions and focal adhesions where it can stabilize nascent integrin-talin complexes by cross-linking talin to F-actin, is critical in regulating integrin clustering, force generation, and adhesion strength (33) . Increased amounts of vinculin in cytosol of BIG2-depleted cells seems consonant with the elevated Arp2 and Arp3 levels, although we failed to see any clear effect on vinculin distribution 5 h after wounding HeLa cell cultures. Our observations (Fig. S5 ) may be consistent with a more recent report of using Arg-Gly-Asp as a mobile peptide ligand on lipid bilayers with nano-fabricated physical barriers to show that vinculin was added after other adhesion proteins (e.g., talin, paxillin, FAK) in the early steps of integrindependent adhesion and cell spreading (34) . Detailed temporal data on conformation of these and functionally related proteins in the wound-healing cells may help us address such questions.
Interaction of BIG2 with exocyst protein Exo70 had suggested earlier that an exocyst pathway might participate in transport of internalized cycling proteins to the cell surface (12) . Zuo et al. (35) demonstrated direct interaction of Exo70 with Arp2/3 complexes and also that Exo70 depletion interfered with both accumulation of Arp2 and formation of actin-based protrusions at leading edges of cells. Others found that Arf1-GTP at the Golgi complex recruited ARHGAP21, a Cdc42 GTPase-activating protein that influences also levels of Arp2/3 and actin dynamics at Golgi membranes (36) (37) (38) . Most recently, Koronakis et al. (30) reported that membrane binding of Arf1 with Rac1 enhanced WAVE regulatory complex recruitment and concomitant activation over that seen with Rac1 alone. More data are required to determine whether BIG2 influences the distribution of Arp2/3 complexes via its activation of Arf1 and/or its interaction with Exo70.
We found that amounts of soluble cofilin-1 and phosphocofilin-1 increased after BIG2 depletion. Cofilin, a regulator of actin filament assembly and disassembly, was required for directional migration of cells that form a single, broad lamellipodium at the leading edge (39, 40) . Cofilin was inactivated by LIM kinasecatalyzed phosphorylation and reactivated by PP1 or PP2A dephosphorylation (40) . Soluble phosphocofilin was found in both cytosol and nuclei of resting HL-60 cells, but during chemotaxis, it was largely dephosphorylated and accumulated at the PM to sever or depolymerize F-actin (41) . Cofilin also acts synergistically with Arp2/3 complexes to amplify actin polymerization, accelerating F-actin turnover and retrograde flow that widens the lamellipodium, giving it a central role in the control of directional cell movement (39, 42) . Cofilin promoted actin assembly or disassembly depending on its concentration relative to those actin and other actin-binding proteins (40) . Overexpression of constitutively active Rac1 induced uniform protrusion of the unattached cell edge, with accumulation of phosphocofilin within 1.5 μm of the leading edge (39) . The presence of less cofilin and/or phosphocofilin at leading edges of migrating BIG2-depleted cells than control cells was consistent with a role for BIG2 in actin dynamics and cofilin action at the leading edge.
Unlike class I Arfs that are activated by BIG2, Arf6 functions largely at the plasma membrane and REs (43) , where it serves with Rab11 to support integrin β1 internalization and recycling (16) . Arf6 interacts also with Rab11-FIP3 to facilitate translocation to REs (44) . Activation of Arf6 by BRAG2 (28) and cytohesin 2 (27) , which affected β1 endocytosis and return to the cell surface, may reflect an Arf6 function in motility. Arf1 association with Golgi membrane in cells (43) and roles for Golgi Arf proteins at PM are reported (45, 46) . Arf1 localization at endosomes (47, 48) was required for COP recruitment (47) , and Arf1 contributed to uptake and trafficking of FM4-64 from endosome to vacuole at the Arabidopsis PM (48) . Action of Arf1 downstream of Arf6 was also proposed (46, 49) . Both Arf1 and Arf3 activities in HeLa cells were decreased after BIG2 depletion (10), consistent with identification of BIG2 as an activator of class I Arfs (2, 4). BIG2-activated Arf1 could enhance both phospholipase D and phosphoinositide 4-kinase activities with consequent local membrane remodeling (22) . Coat-induced membrane curvature early in transport vesicle biogenesis was coordinated with F-actin-based membrane movement (50) , so that changes in local lipid composition induced by BIG2 activation of Arf1 could influence accumulation of specific proteins at the site. Activation of Arf1 (and probably Arf3) may well be important in return of integrin β1 from RE to the cell surface, and evidence for Arf6 dependence on β1 internalization is clear (16) .
We initially used specific siRNA depletion of BIG2 combined with DIGE and bioinformatic analysis of proteomic data to implicate BIG2 in regulation of actin dynamics and integrin β1 cycling during cell migration. Interference with cell migration, inhibition of actin polymerization and membrane protrusion at leading edge, as well as diminished recruitment of Arp2/3 and cofilin to the leading edge of migrating cells after BIG2 depletion were then consistent with critical roles for BIG2 in actin dynamics and integrin β1 recycling during cell movement and wound healing. Absence of microscopic evidence of altered vinculin structure in wound-edge cells only 5 h after wounding when accumulation of Arp2/3, cofilin, phosphocofilin, and actin was significant suggests an opportunity for comparison of temporal relationships between actin and integrin β1 cycling systems.
Materials and Methods
Sources of antibodies and reagents are reported in SI Materials and Methods with details of siRNA transfection and procedures for separation of cytosol. Confocal immunofluorescence microscopy and image quantification were performed as described in SI Materials and Methods. DIGE Analysis. DIGE analysis was performed as described by Hoffert et al. (51) . Proteins in BIG2 siRNA-treated samples at levels 50% higher or lower than those in vehicle (mock)-treated controls were identified by MALDI-TOF mass spectrometry. MetaCore (GeneGo) software was used to place each affected protein into biological networks. See SI Materials and Methods for further details.
Integrin β1 Recycling and Cell Migration Assays. Endocytic recycling of β1 was assessed as in ref. 16 . In migration assays, 50 nM EGF in DMEM was used with cells serum-deprived overnight. SI Materials and Methods include more details of study procedures.
